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ABSTRACT

[11 awavelength di vision mul t ipl exed ( WbM) fiber system where
pul ses on di ff e¢r en t wavel ength beams may co-p ropa gat e in a singl € mode
f iber, the cross phasemodulation(CrM) ef fecls caused by thc
nonlinearity of the optical fiber are unavoi dable. In other wor ds,
pulses on differ: ent wavel ength beams can interact with and affect. each
other through the intensity dependence of the refractive index O the
fiber. Al though CPMw 11 not cause energy to be exchanged among the
beans, but the pul se shapes and 1 oca tions on these beams can be al ter ed

significantly.

Using t his phenomenon, t hroughtheintroduct ion of a shepherd
pulse at a sepalr at e wavelengt h, it is possible to manipulat e and cont rol
pul ses on co-propaga ting beams . How this can be acconpli shed w 1lbe

demonst ra ted i nt his paper.




1'he successful desi an of @i spersi on- shif t edand
di spersion- f 1 at tencd opt. i cal f I bers havi ng | ow di spersi on
over a relatively large wavelength range 1 .3- 1 .6 pm [1 1
enhanced the vi abi 1 i ty of mul ti- channel wavel ength divi si on
mu 1 ti p] exed(WnpM)system[2]. All channel s w 11 experi ence
sim lar | ow dispersion . Thi s desi gn i s achieovedthrough t he
use of mul Lip] e cl adding 1 ayers [3]. “Therefore,i ti s
conceivabl ¢ that this type of mul tipl e- claddi ng- 1 ayers desi gn
techni que may be used to custom design the desired di spers i on
characteri st ics [4] . For exampl ¢, by mini mizing the
chromal | ¢ di spersi on over a wave] ength band i 11 whi ch WDM
channel s are assigned, group-vel ocity mi smatch f or these
channel s may be e] imi nat ed resul ting i n the desirabl ¢
sinal tancous arrival of signal s in these WOM channel o . Tiowe
al igned, simultaneous arrival of WDM bi t pulsesi s very
important for a new class of bit. parall el wavel ength (BPW)
l'ink system used in high speed (>1 O (;byt.e/see) single fiber

comput. er buses [2]

In spite of the intrinsical ly small val ue of th C?
nonl inecari ty coef f ici ent in fused si1i ca, due to ] ow loss and
1 ong i nt eraction 1 ength, the nonli near ef f ectsi n opt i cal
f ihers made with f used siJ 1 ca cannot be i gnored cven at.
relative] y 1 ow power 1eve] s [5) . “9his nonli near phenomeno
i nf ibers has been used successf ul ly to generate opti cal
sol it. ons [6] , 1.0 conpress opt ical pul ses [-/ ] , to produce

t i m ng maint enance inopti cal communi cat. i onssyst. ems [8], to




tra nsfer energy f rom a pump wave to a St okes wave th roughthe
Raman gain effect 9, tot ransfer energy f rom a pump wave to
a count ecr-propagating Stokes wave through the Bri 11 oui n gain
ef f ect [1 Q and to produce f our- wave mixing [ 11]. Now, we

wi sh to add one more appl i cat ion - the shepherdi ng ef f cct .

In a WDM syst em the cross phase! modul at i C 171 ( CbM)
ef fect s [12, 13) caused by t he nonl i necarity of the opt. | ca )
fiber are unavoi dabl e. TheseCPM ef f ect s occur when t we) or
nore opt i cal beans co-propagal ¢ si mu] tancously and affect.
each other through the i ntensi ty dependence of the ref ract i ve
i ndex . Thiscpm phenonenon can be used to produce an
interesting pul se shepherding ef fect . The purpose of this
paper i S to report t-his ef f ect and to descri be how | t. may be
uti li zed to al ign the arrival time of pulses which are

oLtherwi se mss] i gned.

The fundanental eqguat i ons governi ngmMmnunbers of co-
propagating waves i n a non] i near f i ber i ncl udi ng theCPM
ph enomenon a r ¢ the coupl ed non] i near Schrodi nger equat i ons
[14]:
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Here, for the jth wave, A5j(z,t) 1s the slowly-varying
amplitude of the wave, vgy, the group velocity, ng , the
dispersion cocfficient ( [’);;j = dvgy” '/do ), «;, the absorpt 10n

coefficient, and

is the non] I near i ndex coef f icient wi th Pef; as the ef feet ive

corc area and np = 3.2 X 10 16cn?/W for silica fibers,mjis

the carri er f requency of the jth wave, ¢ i S the speed of

1i 9ht  and z is the di ¥ect j on of Propagat j on al ong the f iber.

1 nt roduci ng the normal i zing coef f | cientg

t- (z/vg1)
T = - - — -
']‘0
dij = (vg1-Vvgj) /Vgi1Vvgj.
(3)
& = Z/I'I)]l

Lpr = T/ B2l




and sctting

ui (L, E) = (Ag(z,0) /NPoy) exp(o5Tin&/2) (4)
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Here, Toi s the pul se wi dth, Poj i s the i nci dent opt. i cal power
of the jth beam and djj, the wal k- of f paraneter between beam
1 and beam j, describes how fast a gi ven pul se 3 n bhoeam j
passes through the pul se i n beam 1 . 1 n other words, t he

wal k-of f length is

I‘W(]j) B 'J'0/|d]j| . ('/)
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S0, 1wy 1S tile distance for which the fast er moving pul se

( say, i n beam j) comwpl etel y walked t hrough the sl ower mov i ng
pul se i n beam 1 . The non] i near i nteracti on between these two
opl i cal pul ses ceases to oc cur af ter a di stance lw(iq). Yor
cross - phas e modul at. i on (CPM) to take of feet signif i can tly,

the group - vel oci ty mi smat ¢h must be hel d to near zero.

1t i s al sonotedf rorn kg. ( 6)t-hat. the summat i ont erm
i n the bracket represent, i ng the cross- phase modul at, i on (C PM)
ef f ect i s twice as ef f ective as the se] f phase modulat j on
(spM) ef f ect for the same intensi ty . This means that. the
nonlinearef f ect of the f I ber medi um on a beam may be
enhanced by the co- propagat i on of snot.}]er & cam with the same

group vel oci ty .

Egua tion (6) is a set. of simul taneous Ccoup] ed non] i necar
Schrodi nger equat j ons whi c¢h may be sol ved numeri cal 1y by the
spl i t.- step Fourier nethod, which was used successful ly
carl i er to sol ve the probl em of beam propagat i on i n compl ex
f iber structures, such as, the f iber coup] ers [1 5] , and to
sol ve the thermal b] oom ng probl em f or hi gh energy 1 aser
beams [ 16 ] . Accordi ng to thi s method, the sol ut i ons may be
advanced f i rst using only the nonl 1 near part of the
cquat ions . And then the sol uti ons are al 1 owed to advan ce
using only the 11 near part of kg . (6). i s f orward steppi no

process i s repeat ed over and over agai n unti 1 the desi red




dest ina tion 1 s reached . The Fourd er t ransf{ orm i s
accompl I shednumericallyvia the we] 1- known Fast Fouri er

Trans{ orm Techni que.

Usi ng the above approach, the evolut ion of al 1 the
pul ses on a] 1 the co-propagati ngWbM beams as they propagate
clown the fiber may be obt ained. 1t was through these
numeri cal comput at i ons that. we di scovered the i nt. crest. i ng
pul se shepherdi ng as we] 1 as the beam compressi on ef f ect s
[17]). As expected these effects only exi st when group-
veloci ty m smat ch for the in teres ted beams i s negl igible.  1In
other words, there i s no wal k--off [ 12 ] among the i nt.crest..e~j
beans . As menti oned earl ier, thi s can be accompl i shed
through proper tai 1l oring of the di spersi on charact eristi cs of

a sSingle-node fiber.

Consi der now the evol ut ion of two Si ngl e pul ses ont wo
co- propagati ng beanms whose operat | ng wave] engths are
separated by AA=4nm. For this case, the four wave m xi ng
ef f ect isnegligible. 1Itisfurther assumed that. the signal
carry i ng pul ses on cach beam are separated by suf f i ci ently
large time int erval s so that no i nt eracti on anbng succeceding
pul ses on the same beam 0C cur s | The physi ca )l paranmeters t hat
are chosen for the si mul at i on corres pond to an actual syst em

that. i s of int erest :



1 = length of fiber - 50 km

B, - dispersion coefficient = -1.61 ps?/km

A1 = operating wavelength of beam #1 = 1.55% um

Ay - operating wavelength of beam #2 = 1.546 Hm

Y : nonlinear index coefficient = 20 W lkm ]

Pg - incident power of cach beam : 1 W

o : attenuation or absorption of cach beam in fibeor

= 0.2 dB/km
Vg , group veloci ty of the beam : 2.051 147 x 108m/scc
djj wal k- of f parameter between beam #1 ant] beam # j

= vg1  Vgj = O (no wal k-off)

To = pulse width - 10 ps.

Us ing these values, the di spersion] engthlbor the nonlinear
1 ength Iy, Whi ch provides the 1 ength scal e over whi ch the

di spersive or non] i near ef f ect s for pul ses C) 11 a single beam
become i nportant. for pul se evol uti on al ong a f iber of 1 ength

1, IS

Ly = 62 krn

]’Nl. - 50 km

1t.i s not. ed that in an i deal i zed situat 1 on of zero f 3 ber

at tenua tion, sol i ton propagat i on condit. 1on for a singJ e bean

resul tswyr CIl




N? = ILpp/Im

and N i s an integer. For mul t i p] ¢ ] nteracting beams , t here
i'sS no condi tion under whi ch so0l 1t onsmayexisteveni f the

fiber is lossless.

Without Shepherd Pulse

Shown in Fig. 1(a) is the evolution of two gaussi an
pul scs on two di f f erent wavel ength beans as they propagate i n
this single node fiber. These pulses are init jally of {set by
1 /2 pulse width. 1t. j s seen that. the pul ses are af feet.c?d by
cach ot her. Due to the non) i near SPH and CrM ef f ect s, the
pul ses tend to at tract each O©L her . They appecar Lo congregat e
towards region of higher induced index of ref ¥act jon. The
f orward pul se is pul 1l ed back whi 1 e the backward pu] se i s
pushed forward so that these pul ses tend to al i gn with cach

ot her.

Thi s observat jon 3 g consi SU ent. wi th earl i er di scovery
of the self- focusing effect [18] where the i nduced hi gher
ref rac ti on i ndex regi on caused by higher beam i I'tensity tends
t.o ‘'al tract ' the propagat i ng opti cal wave, resul Lting in the
“ f ocusing' of this opt. i cal wave. It is also consistent Wth
the concept- used to confine Uicrmal ly- b] oomed hi gh - energy

1l aser beam where mu] tiple su l-round] ng beams are us cdto




create an i ndex envi Yonme pt i n whi ch the cent ral mai n bean

tends toexpand 1 ess ductothe 1 owering of the surroundi ng
i ndex of ref racti on caused by t he heating f romthe
surrounding beans [ 16 ] . It. is also consistent. witht he
"draggi ng ef f ect * that. occurs in weakly biref ringent f i bers

(19]).

1t i S expect ed, however, t hat. when thet wo co-
propagat 1 ng pul ses on two separat ¢ wave] eng th beans a re
scparat ed by a suf f iciently large di st.slice, these two pulses
willnot i nt eract wi th ecach other . Thi s f act. i S demonst rat cd
in Fig. 2 (a) , where the two co-propagati ng pul ses are
separated by one pulse width. Each pul se propagat es
i ndependent. ly as if i t i s not. aware of the presence of the
ot her pul se. 1t thus appears that once these pul ses are
1 aunched in thi s nmanner, the separation of these pul ses
cannot. be al tered, except through the i ntroduct i on of a

shepherd pul se as shown in the next section .

With Shepherd Pulse

It wi 11 be shownthatif anot her pul se, cal 1l ed t he
shepherd pul se because of it s shepherdi ng behavior ont he
other pul ses, |1 S 1 aunched at the right Lime witht he right,
magni tude on a 1. 542 pm wavel engt h beam whi ch i s 4 nmf rom
beam#2antigmn f rom beam #l 1, these widely separated pulses

onbeamill and beam # 2, as shown i 1 Fig . 2 (a), can bc brought



signi f 1 cantly closertocachother. lnotherwords , i t. 15
possibl e topuliback t he f orwardpropa gat. i ng pu l scand at
t he sane tinme to push f orward the backward pul se to achi eve

near pulse al i gnment . This i s shown in Fig. 2 (b)

The magn i tude, the shape andtheilocatic)nof the
shepherd pul se, al l cont ri bute to the event. tual SUCCESS of
thi s scheme to al ign these ¢o- propagati ng pul ses . The
f undamental phenonena that, govern thi s scheme are the SpM,
CPM and GVD. Computer simul at-i on Shows that 1 ower magni tude
shepherd pul se does not possess sufficient attract ive
st rength to pul 1 the shepherded pul ses together . or
exampl e, a magni tude 1 shepherd pul se, oxp( -0.5 12), situated
i n the middl ¢ of the shepherded pul ses, can only bring these
pul ses 1 0% ¢l 0Ser to each other, whil e a magni tude 2 shepher d

pul se, 2 exp(-0.512), simlarly situated, can almos - align

t hese pul ses. See Fig. 2(b). It doesriot.T 011 ow, however ,
that an even hi gher magni tude shepherd pul s¢ can bri ngt he
shepherded pul ses toget her sooner, because a magni tude 3
shepherd pul se * s tremendous ' pu] 1 ' on the shepherded pul ses
tends to breakup these pul ses through the i nt. roducti on of
hi gher osci 11 ations . There J s a balanceas to howstrongthe
shepherd pul se can be

Broadeni ng the shepherd pul se, i . e. , usi ng a

2 exp (-0.05 12) pul se, only sharpens the shepherded pu 1 ses due

to an i ncreased apparent. medi um nonl i nearit.y. The use of

11




thi s broadened sheplierd pul se canonly bri ng the shepherd ed
pulses 30% closer to cach other, afar cry f romt he al il gnment

achieved by the sharper shepherd puisc of 2 exp(-0.5 14).

The next st ep, perhaps, i s to use two shepherd pu 1ses
on two di f f erent wavel ength beams to f urtlier enhance the
shepherding ef fect . one, the 2 exp ( -0.51?) shepherd pulse,
onbeami#i3 at 1 .542 pmmay beused t c¢) pu 1l the two shepherded
pul ses together, and the ot her, the 2 exp ( -0.05 12) shepherd
pul se, on beam 4 4 at. 1 .538 pm nmay be uscdto sharpen the two
shepherded pul ses . This si mul at. | onisdone. It.1 S
di scovered that, the added st rengt h of two shepherd pul ses
t ends to breakup the shepherded pul ses i n o severa

oscillating pulses, an undesirabl ephenomenon.

The above conputer sinulation shows that. t.here exi st s
an optimum shepherd pul se with a certain magni tude, pul se
width, pul se shape, and 1 ocat i on wi th respect. to the
shepherded pul ses that can provi de the best al | gnment for
these pul ses. For the exampl e Wi t h the physi cal paramel ers

gi Vex1 here, the optimum shepherd pul se appears to be the

2 exp ( -0.5 12) pul sc situat ed between t he two shepherded

pul ses.

For the case of reduced separati on of t he pul ses to be

shepherded, as for thecaseshowninlligl, amuch more

dramal j ¢ demonstrationc)nthesuccessf u]l a 1 i gnmentachievablce

12




by a we] 1 designed shepherdpul se can be seenin ¥ig.1 (b)

Here, the gaussi an pulses onbeam # 1and C) 1”) beam# 2 are

of fsetby 1 /2pulse-width. A gaussian shepherd pul sc of

unj ty magni tude, al i gned with the pul se on beam# 1, i s

I n troduced on becam # 3 whose wave] engthj s 1, %42 pm Thi s
wavelengthi S 4 nn f rombeam #2 and 8 nm f rom beami#1 ,

assuri ng that the four wave mixing effect is negligible. 1t
I S o bserved that thi s shepherd pu] se i s capable of achi eving
excel 1 ent al i gnment for the wayward pu] se (pul se ¢Jn beam #2)

wit h the reference pul se (pu] se on beami 1)

Another case demonstrat i ng the ef feet. i veness of a
shepherd pul se to controland al 1 gn the shepherded pul ses 1 s
shown 1 n Fig.3. Here, twogaussianpulseson two dif f crent
wavelengthbeams wi th wave] ength s of 1 .55 pmanti 1.546 um,
originating in an aligned position as shown in Fig. 3 (a) ,
begin to separate from each ot her due to sl ight di f f erence in
the group vel oci ties for these two beans . Wi thout the
presence of a shepherd pul se, these beans wi 11 be
approximatel Yy 1 /2 pul sewi dt h apart. at. SO km downstreamas can
be seen fromFig. 3 (a) . Witht he shepherd pu] se of
2exp ( -0.5 1%)o0n a third beamw th wavel eng h 1.542 pum,
original 1y ali gned withthet wo shepherded] pul ses and
propagating at the same veloci ty as the pul se on beam il , at.
50 kmclown st ream the shepherded pul ses are st il 1 al igned as

shown in ¥ig . 3 (b)



Contrary t o demandi ng * fast * walk - of f of ¢ 0o - propagat | ng

beams f romeachotherin orderto avoi d any de] ¢t eriouswa 1 k-
of f ef f ect among the beams and to mi ni mi ze t-he i nteracti on
arnorr gt. hesebeam due to the non] i near bechavi or of the f i ber
medi um, 1t 0 s f ound t hat, by requiring as lit tle wal k-off as
possibl €, t he "shepherding® ef f ectamong the vari ous beamns
may be used to “ herd” them together resulting i n the

desi rabl € characteri st i ¢: of simult aneous arri val of co -

propagati ng beams in a BPW (bit- paral 1 e] wavel ength) syst emn

[2].

What, has been demonstrated here i s that through the
in troduction of a shepherd pul se on a separate wavel engt h
beam i t is possible to dynamically manipul ate, control and
reshape pul ses on CO- propagati ng beans . Thi s dynami ¢ cent rol

f eature froma shepherd pul se is a uni que one.
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Figure Captiong

Figure 1.

Figure 2.

Figure 3.

Evol uti on of two gaussian pul ses on two WDM

beams, separated by 1/2 pu] se width:

(a) Without shepherd pul se onthethi rd beam.
(b) With shepherd pul se on the thi rd beam.
Fvol ut ion of two gaussian pul ses 0N twoWDM

beans, separated by 1 pul se w dth:

(a) Wi thout shepherd pul se on the thi rd beam.

(b) Wi th shepherd pul se on the thi rd beam

Fvol ution of two init ially aligned gaussi an

pul ses on two WDM beans.

(a) After propagation, separation occurs for
pul ses on beam # 1 ant] beam #2 w t. bout

shepherd pu] se on the thi rd beam

(b) Al ignment nmintained for pul ses on beam #1

and beam #I 2 wi th shiephe rd pulsec onthe third

boam.
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